The reduction potential (E°′) is a critical parameter in determining the efficiency of most biological and chemical reactions. Biology employs three classes of metalloproteins to cover the majority of the 2-V range of physiological E°′s. An ultimate test of our understanding of E°′ is to find out the minimal number of proteins and their variants that can cover this entire range and the structural features responsible for the extreme E°′. We report herein the design of the protein azurin to cover a range from +970 mV to −954 mV vs. standard hydrogen electrode (SHE) by mutating only five residues and using two metal ions. Spectroscopic methods have revealed geometric parameters important for the high E°′. The knowledge gained and the resulting water-soluble redox agents with predictable E°′s, in the same scaffold with the same surface properties, will find wide applications in chemical, biochemical, biophysical, and biotechnological fields.
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reduction potential | secondary coordination sphere | azurin | electron transfer | cupredoxins R edox reactions are at the heart of a majority of biological functions and chemical transformations, from electron transfer (ET) in photosynthesis and respiration to catalytic activations of C-H and other bonds in molecules (1) (2) (3) (4) (5) (6) . For these redox reactions the redox potential (E°′) is the most important parameter in determining efficiency of the reactions and the accessibility of oxidation states through the catalytic cycle (5) (6) (7) (8) (9) (10) . Being able to controllably tune the E°′s would allow scientists and engineers to take advantage of various redox reactions and oxidation states for numerous applications from alternative energy generation to synthesis of intermediates or products for pharmaceuticals. One primary example is the overpotential issue for most fuel cell catalysts, which is a major barrier that has prevented them from being applied in industrial-scale applications (11) . Being able to tune the E°′ of catalytic and electron transfer sites to lower the overpotential will have a major impact on this and other areas.
For millions of years, ET in biology has operated within the range of physiological E°′s, defined by the highest E°′ [∼ +1 V vs. standard hydrogen electrode (SHE); all potentials mentioned in this study are vs. SHE] at which water is oxidized, and the lowest E°′ (∼−1 V) at which protons are reduced to H 2 (5, 6) . Amazingly, nature has found a way to cover this wide range using a strikingly limited set of not only metal cofactors but also protein folds and metal center geometries, such as cupredoxins that cover 100 to 800 mV, cytochromes that cover −500 to 350 mV, and Fe-S proteins that cover −700 to 500 mV ( Fig. 1) (5) . Despite many years of research into these proteins and efforts to change the E°′ (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) , it is still not well understood how the E°′s can be tuned systematically in a wide range using a limited number of metal cofactors. An ultimate test of our understanding of this process is to design redox centers in a single protein, using a minimum number of metal cofactors and mutations that can cover the entire 2-V range of physiological E°′.
Furthermore, there are very few water-soluble/stable chemical redox agents within the physiological E°′ range. Even for those redox agents that can cover a wide range of E°′ in nonaqueous solutions, combining different redox agents with different scaffolds or surface properties makes it difficult to carry out systematic studies of the effect of E°′ on ET or catalytic functions, as it is difficult to deconvolute different factors in the redox process. We report herein the design of the ET protein azurin to cover a range from +970 ± 20 mV to ∼−954 ± 50 mV, by mutating only five residues and using two metal ions (Fig. 1 ).
Results
The type 1 (T1) Cu center in wild-type azurin (WTAz) resides in a Greek key β-barrel fold (Fig. 1A) commonly found in cupredoxins, such as rusticyanin and laccase (23) (24) (25) (26) . The active site consists of a Cu(S Cys )(N His ) 2 core in a trigonal plane, common to all T1 Cu centers, with a thioether group from a Met residue (S Met ) in the axial position ( Fig. 1 B and C) (5, 18) . This axial Met is found in most cupredoxins, except those with high E°′; rusticyanin and laccase contain a Leu residue at the axial position instead (5, 24) . We have previously shown that the E°′ of Az can be predictably tuned from 90 to 640 mV at pH 7 by tuning hydrogen-bonding interactions to the copper ligands through Asn47Ser and Phe114Asn mutations and the hydrophobicity of the axial ligand through Met121Leu mutation (Fig. 1C) (17) . To the best of our knowledge there is no report of a mononuclear cupredoxin with E°′s above or below this range.
Significance
Nature spent millions of years to evolve electron transfer proteins that span a wide range of reduction potentials (E°′) under physiological conditions, from −1 V to 1 V vs. standard hydrogen electrode. Understanding the rules that govern such tuning within similar classes of metalloproteins enables scientists to rationally tune the E°′of their catalysts without changing the active site. An ultimate test of such understanding is to achieve the entire range of E°′ within a single protein, a feat that has not been achieved yet. Herein, we conclusively found that we can cover the entire 2-V range of E°′ using a single protein with five mutations and two metal ions. We have also provided explanations for structural features responsible for such high potential. This article is a PNAS Direct Submission. To tune the E°′ of the T1 Cu center in azurin to approach the highest E°′ under physiological conditions, we examined the T1 Cu centers in cupredoxins that exhibit extremely high E°′, such as those in multicopper laccase (E°′ = 790 mV at pH 6). We found that these centers are highly desolvated and buried within the hydrophobic interior of the proteins (25) . The area surrounding the Cu center is also typically filled with bulky, hydrophobic residues such as Phe (23, 25) . Previous studies have shown that introducing such hydrophobic residues near the metal-binding sites in several metalloproteins, including azurin, has resulted in increased E°ˊ (5, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (27) (28) (29) (30) (31) . Based on these observations, we scanned the secondary coordination sphere of the T1 Cu center in Az for mutations to Phe residue that would not interfere with the Asn47Ser/Phe114Asn/Met121Leu mutations we have already shown to increase the E°′, and we found two mutations (Met44Phe and Gly116Phe, Fig. 1B ) that met the requirement.
We combined the Met44Phe and Gly116Phe mutations with the Asn47Ser/Phe114Asn/Met121Leu mutations that had resulted in E°′ = 640 ± 1 mV at pH 7.0 (17). This quintuple variant of Az [Met44Phe/Asn47Ser/Phe114Asn/Gly116Phe/Met121Leu Az (Fig.  1D , called HPAz hereafter)] was constructed, expressed, and purified to homogeneity as a metal-free apo protein using a slightly modified procedure from a previous study (SI Appendix) (17) . After loading Cu(I) into the apo-HPAz [Cu(I)-HPAz], we used cyclic voltammetry (CV) with a pyrolytic graphite "edge" plane electrode and observed a signal centered at 970 ± 20 mV at pH 5.0 in 50 mM ammonium acetate buffer (Fig. 2 ). The faradaic current from the CV is much lower than those of inorganic complexes due to much slower diffusion rates, and is similar to those of other metalloproteins reported in the literature (9, 10, 32) . To ensure that the observed CV signal is from the Cu-HPAz variant, we performed several control experiments including repeating the CV experiment under the same conditions in the absence of any protein (Blank), in the presence of apo-HPAz (SI Appendix, Fig.  S1A ), and HPAz loaded with redox inactive Zn 2+ [Zn(II)-HPAz, SI Appendix, Fig. S1B ]. None of these control experiments exhibited a signal near 970 mV, which strongly suggests that the observed CV signal is from the Cu(I)/Cu(II) redox couple of CuHPAz, instead of any other components present in the solution.
To provide additional support to the E°′ value determined by the CV, we probed the ability of Cu-HPAz to react with other redox agents that have different potentials (SI Appendix). Ferricyanide (E°′ = 0.424 V, pH 7.0), which is known to rapidly oxidize Cu(I)-WTAz (E°′ = 0.31 V at pH 7) (5, 33), caused only minimal reoxidation (∼2%) of 0.2 mM Cu(I)-HPAz under the same condition within the first 1 s, even when in the presence of a 10-fold molar excess of the oxidant (SI Appendix, Fig. S2 ). At time scales longer than 1 s, a slower process similar to previously reported ferricyanide-induced protein unfolding and subsequent reacting with Cu(I) was observed (SI Appendix, Fig. S2 ). The inability of ferricyanide to oxidize Cu(I)-HPAz suggests that the E°′ of the T1 Cu center in HPAz is at least higher than 0.424 V. After trying several other oxidants of varying potentials to oxidize the HPAz, we found that 1 molar equivalent of Na 2 IrCl 6 (E°′ = 0.96 V at pH 5, SI Appendix, Fig. S3 ) was able to oxidize 0.2 mM Cu(I)-HPAz at pH 5 with ∼25% loss of the Na 2 IrCl 6 absorption bands (SI Appendix, Figs. S4 and S5). These results, together with the result obtained by replacing Cu with Ni on E°′ of the same protein (vide infra), indicate that the Cu-HPAz has an extremely high E°′.
To characterize the reaction between Cu(I)-HPAz and Na 2 IrCl 6 , we used stopped-flow UV-vis absorption spectroscopy, analyzed by global spectral fit using the SpecFit program (Fig. 3) . Upon mixing 0.7 mM Cu(I)-HPAz with 1 molar equivalent of Na 2 IrCl 6 at pH 6.5 in 50 mM phosphate buffer and 0.1 mM NaCl, the absorption bands at 420, 485, and 600 nm due to Na 2 IrCl 6 (red line) rapidly decayed, while new absorbance bands at 404 and 610 nm (blue line), typical of a T1 Cu(II) center (34-37), grew in (Fig. 3 A and B) . This species [henceforth referred to as "Blue Cu(II)-HPAz"] reached a maximum at ∼7 ms and then decreased (Fig. 3A) . As the Blue Cu(II)-HPAz started to decrease, a new species displaying absorption bands at 400 and 607 nm (green line, Fig. 3 A and B) concurrently increased in intensity with time (Fig. 3C) . The final spectrum is identical to that observed after direct addition of CuSO 4 to apo-HPAz (SI Appendix, To further probe the nature of the products of the Na 2 IrCl 6 oxidation in the aforementioned study, we used rapid freezequench electron paramagnetic resonance (EPR) spectroscopy under the same conditions as those used in the stopped-flow UV-vis study. The minimal time achievable by our freeze-quench apparatus was 20 ms, which is slightly slower than the time necessary to form the maximal Blue Cu(II)-HPAz intermediate observed in the stopped-flow UV-vis (7 ms). At 20 ms after addition of Na 2 IrCl 6 to Cu(I)-HPAz, we observed an EPR spectrum (Fig. 4, Top) that can be best simulated as a mixture consisting of 60% T1 Cu (g z = 2.230 and Az = 65.19 cm ), and 1% radical (g average = 2.0021) (SI Appendix, Table S1 ). The percentage values for the individual species observed in EPR are consistent with those obtained from our stopped-flow UV-vis study (Fig. 3C) ; at 20 ms in the stopped-flow experiment, 69% Blue Cu(II)-HPAz and 26% Green Cu(II)-HPAz were formed. At longer time scales, the percentage of the T1 Cu species decreased whereas that of the T2 Cu species increased. The final EPR spectrum is identical to that of addition of Cu(II) to apo-HPAz (Fig. 4 , Bottom; see SI Appendix, Fig. S7 and Table S2 ). Based on the similar kinetic behavior between the UV-vis and EPR studies, we assigned the Blue Cu(II)-HPAz to a T1 Cu center and the Green Cu(II)-HPAz to a T2 Cu center.
Thus far, we have been unable to crystallize the Cu(I) or Cu(II) form of the HPAz. Consequently, extended X-ray absorption fine structure (EXAFS) was used to obtain structural information. The spectra of the Cu(I)-HPAz and Cu(II)-HPAz species show a clear difference in their edges when overlaid. The reduced HPAz exhibits a strong feature at 8,983.2 eV (SI Appendix, Fig. S8D ) that implicates Cu(I)-HPAz as a two-coordinate species, particularly compared with the edge obtained for other biologically relevant sites, most notably that of the Cys to Ala mutant of Bacillus subtilis Sco (38) . The EXAFS spectrum of Cu(I)-HPAz at pH 6.5 (SI Appendix, Fig. S8A ) was best simulated as one S Cys at 2.17 Å, and one multiple scattering N His at 1.92 Å ( Table 1 ). The short Cu(I)-S Cys and Cu-N distances are typical of 2-coordinate Cu(I) species (38) . In contrast, the EXAFS spectrum of Cu(II)-HPAz at the same pH (SI Appendix, Fig. 8 A and C) required the addition of a second N His at 1.98 Å, and the S Cys -Cu bond was lengthened to 2.23 Å. This Cu(II)-S Cys distance is significantly longer than that of Cu(II)-WTAz (2.17 Å) but similar to other thiolate-containing T2 Cu proteins such as nitrosocyanin (39) and Met121Hcy azurin (40) . Interestingly, we observed that the EXAFS of Cu(I)-HPAz in phosphate buffer at pH 8 (SI Appendix, Fig. S8B and Table 1 ) showed an increase in the His contribution to 1.3. This change can be readily observed by comparing the intensity of the His peak in the Fourier-transformed spectrum of Cu(I)-HPAz at pH 8 with that of Cu(I)-HPAz at pH 6.5 (Table 1) . These results suggest that at high pH there is stronger binding of His ligand to the Cu center due to possible deprotonation of the His ligand as suggested by previous studies (41) . Putting these spectroscopic results together, we propose a scheme in which Cu(I)-HPAz exists as a bidentate copper center with His117 no longer interacting with the copper, as it is the most solvent accessible copper ligand (Scheme 1). This result may also explain why the Cu-HPAz showed such a high E°′, because HPAz enforces a coordination geometry that is preferred by Cu(I). Upon reaction with Na 2 IrCl 6 , the colorless Cu(I)-HPAz was rapidly oxidized within the first 7 ms to a blue species that exhibited UV-vis (Fig. 3) and EPR (Fig. 4) spectra that are typical of a T1 Cu(II) center. To complete the T1 Cu(II) coordination sphere, the His117 rapidly bound to the Cu(II) as indicated by the combined stopped-flow, EPR, and EXAFS data. However, because this Blue Cu(II)-HPAz with E°′ of ∼1 V is so oxidizing, it became unstable under physiological conditions and changed its coordination sphere into a more stable Green Cu(II)-HPAz whose UV-vis (Fig. 2) and EPR (Fig. 4) are typical of a T2 Cu(II) center. Although the CV results are obtained at pH 5.0 whereas other characterizations are performed at pH 6.5, the similarity between intermediates observed upon reaction of Cu(I)-HPAz with Na 2 IrCl 6 at pH 6.5 ( Fig. 3) and 5.0 (SI Appendix, Fig. S4 ) suggests that the proposed scheme applies to pH 5.0 as well. The reason we chose pH 6.5 for the majority of characterizations was the slower kinetics and better recovery of the visible absorption signals at this pH. Interestingly, the Green Cu(II)-HPAz displays a reductive peak around 650 mV vs. SHE at pH 7.0 (SI Appendix, Fig. S9 ), which is consistent with the fact that the relatively lower E°′ of the Green Cu(II)-HPAz makes it more stable than the Blue Cu(II)-HPAz. To investigate the integrity of the protein, we rereduced the Green Cu(II)-HPAz and then reoxidized it. The UV-vis spectrum of the resulting protein is almost identical to that of the starting protein (SI Appendix, Fig.  S10 ), suggesting that there is little damage to the protein from such a redox process, thus making it possible to use the protein as a redox agent.
After tuning the T1 Cu center in Az to reach the highest possible E°′ under physiological conditions (∼1 V), we explored the next challenge which is to design azurin to reach the lowest E°′ under physiological conditions (∼−1 V). To achieve this goal, we replaced the Cu ion in azurin with other physiologically relevant metal ions. Azurin, like other cupredoxins, has been shown to be amenable to metal substitutions with minimal perturbation to either the overall structure or the metal-binding site (5, 42) . Among the transition metal ions used previously, the T1 Cu in WTAz has been replaced with Ni(II) (43) (44) (45) (46) ; the Ni(II)/Ni(I) redox pair has been shown to have much lower potential than the Cu(II)/Cu(I) pair within the same ligand set (46, 47) . Therefore, we added Ni(II) to the apo-HPAz. Successful incorporation of Ni(II) into HPAz was first confirmed by UV-vis, which displayed similar spectral features to those of Ni(II)-WTAz (43, 46) (SI Appendix, Fig. S11 ). The CV of this protein indicated a potential of 50 mV from the reductive peak of the sample in pH 8.0 phosphate buffer (SI Appendix, Fig. S12 ), which is ∼900 mV lower than that of Cu(II)/Cu(I)-HPAz. Encouraged by the result, we added Ni(II) to an apo-azurin variant (Met121Glu-Az) whose Cu(II)/Cu(I) redox couple has a low E°′ (184 mV at pH 8.0) (13) . The reductive potential of Ni(II)-M121EAz was observed to be −945 mV in pH 8.0 phosphate buffer, which is close to the lowest E°′ possible under physiological conditions. To ensure that the Ni(I) species formed under this condition, we performed cryoreduction EPR on the Ni(II)-M121E sample and observed an EPR spectrum consistent with previously reported Ni(I) species in azurin and other proteins (SI Appendix, Fig. S13 ) (46, 48) . Interestingly, replacing Cu ion with Ni ion in multiple variants of Az nearly always resulted in the lowering of E°′ by ∼1,000 mV, making the E°′ of the engineered proteins additive and predictable. Consistent with this trend, the E°′ of Ni-HPAz measured at 50 mV is similarly 900 mV below that of Cu-HPAz, providing additional support for the high E°′ of Cu-HPAz. By using Ni-and Cu derivatives of different Az variants we have prepared here and previously (17), we have now demonstrated the coverage of the entire range of physiological E°′ using a single protein (Fig. 1) .
Conclusions
In this article, we have achieved fine-tuning of a single protein, Az, whose potentials can span the entire range of physiological E°′, from ∼+970 ± 20 mV to ∼−954 ± 50 mV, by mutating only five residues in the secondary coordination sphere of the mononuclear T1 Cu center of the protein and using two metal ions (Cu and Ni). Before this work, the highest observed E°′ for a natural mononuclear metalloprotein was that of the T1 Cu center in rusticyanin (670 mV at pH 7) (49, 50), whereas the highest observed E°′ for a multinuclear metalloprotein was that of the T1 Cu center next to the trinuclear Cu cluster in laccase (E°′ = 790 mV at pH 6) (25, 51). The positive charge from the other Cu ions in the multicopper cluster is known to play a role in raising the E°′ of the T1 Cu center in laccase over that of mononuclear cupredoxins such as rusticyanin (23) . The E°′ of 970 mV represents the highest E°′ observed under physiological condition, very close to the theoretical limit of 1 V, before water itself is oxidized. We achieved this goal by tuning hydrogenbonding networks near the Cu center (Asn47Ser and Phe114Asn), adding a hydrophobic residue in the axial position to the Cu center (Met121Leu), and desolvating the Cu center by adding Phe residues to surround it (Met44Phe and Gly116Phe).
This result is remarkable especially when considering that it has been accomplished on a mononuclear site without the aid of other positively charged metal ions nearby, as observed in the trinuclear copper center in laccase; such an E°′ exceeds the highest E°′ of a natural mononuclear cupredoxin (rusticyanin) by ∼300 mV. The spectroscopic studies indicate that the Cu(II)-HPAz displays an unusual geometric parameter from those of Az derivatives that have lower or more normal E°′. This is not unexpected for a protein with an E°′ that is so high that it comes close to the physiological E°′ limit at which H 2 O can be oxidized. To capture and study metal complexes with very high or low E°′, very low temperature and nonaqueous solutions were often used to stabilize the unusual states. It is significant that such an unusually high E°′ can be captured in a protein at room temperature and under physiological condition. Furthermore, by replacing the Cu ion with Ni ion in the above azurin mutants, we can tune the E°′ to as low as −954 mV at pH 8.0 and anywhere in between the two extreme E°′s, by different combinations of these mutations and the metal ions.
To cover the entire range of physiological E°′, nature must use at least three different classes of proteins and metal ions (Fig. 1) . This ability to cover the entire range, which even surpasses the observed E°′ range for all ET proteins combined, using two metal ions and mutating only five residues in a single protein scaffold (Fig. 1) is a testimony to how much we now understand the structural features responsible for tuning E°′ of metalloproteins. Given the wide range of potentials attainable from a single protein possessing the same overall fold and surface properties, the azurin variants reported in this study may enable scientists and engineers to take advantage of these water-soluble redox agents for biochemical and biotechnological applications such as solar energy transfer and other alternative energy conversions. Because tuning the potentials of many inorganic, bioinorganic, and organometallic catalysts can result in catalysts with different oxidation states with dramatically different catalytic efficiency for different substrates (52) , the knowledge gained from this study may also allow others to use the same principle to tune redox properties of numerous catalysts for even wider applications, such as small molecule activation and synthesis of important intermediates or products for pharmaceutical applications.
Materials and Methods
All azurin variants reported in this study are purified based on previously reported methods to obtain apo-variants with some slight modifications and were confirmed using electrospray ionization mass spectroscopy. CV experiments were performed by applying proteins on a graphite edge plane electrode as reported and measured vs. Ag/AgCl reference. The potentials were changed to SHE by adding 210 mV. EPR spectra were obtained at 30 K as a glass. The cryoreduced samples were prepared upon 3-h irradiation of samples by gamma rays at liquid nitrogen temperature. EXAFS data were collected at Beamline 7-3 at Stanford Synchrotron Radiation Lightsource. For a more detailed description of methods, readers should refer to the SI Appendix.
